Study design: An in vivo study in a rat model of acute spinal cord contusion. Objectives: To assess the efficacy of novel therapies for acute spinal cord injury (SCI), methods to evaluate accurately the effects of these therapies should be developed. Although neurological examination is commonly used for this purpose, unstable clinical conditions and the spontaneous recovery of neurological function in the acute and subacute phases after injury make this measurement unreliable. Recent studies have reported that the phosphorylated form of the high-molecular-weight neurofilament subunit NF-H (pNF-H), a new biomarker for axonal degeneration, can be measured in serum samples in experimental SCI animals. Therefore, we aimed to investigate the use of plasma pNF-H as an indicator of the efficacy of minocycline, a neuroprotective drug, for treating SCI. Setting: This study was carried out at Saitama, Japan. Methods: Spinal cord injured rats received either minocycline or saline intraperitoneally. The plasma pNF-H levels and functional hind limb score were determined after the injury. Results: Minocycline treatment reduced plasma pNF-H levels at 3 and 4 days post-injury (dpi). Rats with lower plasma pNF-H levels at 3 dpi had higher hind limb motor score at 28 dpi. Conclusions: pNF-H levels may serve as a biomarker for evaluating the efficacy of therapies for SCI.
Introduction
The sensorimotor dysfunction that occurs after spinal cord injury (SCI) results from both the primary mechanical insult and secondary damage, which includes multiple components such as inflammatory reaction, delayed neuronal and glial cell death, and axonal degeneration.
1,2 These biological processes continue for several days, and can therefore be targeted in therapeutic intervention. Various therapeutic strategies have been developed to ameliorate tissue loss arising due to secondary damage. 3 Appropriate assessment methods are required to determine the efficacy of novel neuroprotective therapies. The American Spinal Injury Association assessment scale is a standardized tool that is used widely to assess neurological state (grade A-E) and motor score in SCI patients. However, the spontaneous neurological recovery in acute and subacute SCI patients may limit the reliability of assessments of the initial state. 4 Further, as the degree of spontaneous recovery varies among patients in clinical trials of SCI therapies, it is unclear whether the neurological improvement is because of the therapeutic intervention or spontaneous recovery. Therefore, a novel technique that is independent of neurological status is required for monitoring progressive tissue damage; this development will facilitate further clinical trials of SCI therapies.
The severity or stage of a disease is usually determined by measuring the levels of certain biomarkers in blood or cerebrospinal fluid. In the clinical field of traumatic brain injury, several proteins that are synthesized in neurons and glial cells, such as S100B, neuron-specific enolase, myelin basic protein and glial fibrillary acid protein, have been proposed as surrogate markers that can be used in clinical trials. 5, 6 However, there are only a few reports on biomarkers in SCI patients. 7, 8 Recently, studies in experimental SCI animals and aneurismal subarachnoid hemorrhage patients revealed an association between the level of the phosphorylated form of the high-molecular-weight neurofilament subunit NF-H (pNF-H) in blood and prognosis. 9, 10 Because NF-H is one of the major structural complexes in axons, increased levels of the phosphorylated form of the protein, which is resistant to proteases, indicate increased axonal damage. In contrast to the other neural-cell-derived biomarkers such as serum S100B and neuron-specific enolase, whose levels peak within 24 h after injury, serum pNF-H levels peak 3 days after SCI. 9, 11 This temporal pattern may reflect progressive axonal loss due to secondary damage. A previous study in experimental SCI rats reported a relation between the serum pNF-H level and the intensity of the initial impact (primary insults) delivered by the SCI device. 9 However, whether pNF-H can be used as a marker to evaluate the efficacy of therapeutic interventions against secondary damage in SCI remains unknown. In this study, we measured the plasma pNF-H levels in SCI rats treated with minocycline, a neuroprotective drug. 3, 12, 13 Materials and methods
Surgical procedures
All surgical procedures were approved by the ethical committee of Research Institute, National Rehabilitation Center. Experimental SCIs were induced in adult 10-to 12-week-old Sprague-Dawley rats (body weight, 280-320 g). Animals were anesthetized by intraperitoneal injection of barbiturate. Thereafter, the lower thoracic lamina was exposed, and the lamina was removed at the level of Th10. Contusion injuries were then induced by using the Infinite Horizon SCI device (Precision Systems and Instrumentation, Lexington, KY, USA). The intensity of the device was set to 1.5 N (150 kdyn), which induces moderate contusion injury. After the surgical procedure, the rats were allowed to recover on a warm blanket. From the day after the surgery, urination was assisted manually until voluntary urination was restored.
Minocycline treatment
Rats were randomly assigned into two groups (N ¼ 4 per group) and were administered an intraperitoneal injection of either control saline (control group) or minocycline (15 mg ml À1 in saline; treated group) (Sigma, St Louis, MO, USA). The injured rats received an initial dose of 90 mg kg À1 body weight minocycline immediately after the injury, followed 9 h later by a second dose of 45 mg kg À1 body weight. From the following day, either control saline or 45 mg kg À1 body weight minocycline was administered twice a day up to 3 days post injury (dpi). 12, 14 To evaluate the motor recovery, animals were observed by one individual masked to the treatments on 1, 3, 7, 14, 21 and 28 dpi. Lower limb functions were assessed by the Basso, Beattie and Bresnahan scale. 15 Measurement of blood pNF-H levels Blood samples were taken from the tail vein of the injured rats on 1, 2, 3, and 4 dpi. The blood samples were anticoagulated using ethylenediamine tetraacetic acid and centrifuged at 3000 r.p.m. for 10 min to obtain plasma.
The plasma samples were frozen and stored until the pNF-H assay was performed. The pNF-H assay was carried out using a commercially available enzyme-linked immunosorbent assay kit (ELISA-pNF-H; EnCor Biotechnology, Gainesville, FL, USA). The frozen plasma samples were allowed to thaw, and then diluted 1/5 with a dilution buffer. The samples were then loaded onto an enzyme-linked immunosorbent assay plate. The assay was performed according to the manufacturer's protocol. To standardize the pNF-H value, we divided the absolute pNF-H concentration by the total protein concentration of each sample.
Statistical analysis
The hind limb function score was analyzed by the Mann-Whitney U-test. Quantitative plasma pNF-H values between the two groups were analyzed by repeated-measure analysis of variance. The relation between plasma pNF-H levels and hind limb function score was assessed by determining the Spearman's rank correlation coefficient. Error bars indicate the standard error, and differences with a P-value of o0.05 were considered statistically significant.
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research.
Results

Minocycline improves hind limb motor function after incomplete spinal cord injury
To determine whether plasma pNF-H levels can be used as a marker for evaluating the efficacy of neuroprotective therapies for SCI, we analyzed the plasma pNF-H levels in experimental SCI rats treated with minocycline, a drug with proven neuroprotective effects. 3, [12] [13] [14] As minocycline is known to prevent secondary damage in neural tissue by inhibiting microglial activation, 3, 12 we assumed that the administration of this drug may also reduce biomarkers of tissue damage. First, we confirmed the efficacy of minocycline treatment. Behavioral assessments at 28 dpi ( Figure 1 ) revealed that minocycline-treated rats had better hind limb motor function than did the control rats (mean Basso, Beattie and Bresnahan score±standard error of the mean (s.e.m.): treated group, 14.5 ± 0.6 vs control group, 12.4 ± 0.4; Po0.05). The better hind limb function observed in the treated rats suggests that minocycline exerted neuroprotective effects after SCI in this rat model.
Minocycline treatment modulates plasma pNF-H levels
Because minocycline reduces axonal damage in the injured spinal cord by preventing secondary damage, we assumed that the plasma pNF-H level in the treated group would be lower than that in the control group. The plasma pNF-H level and pNF-H/total protein ratio were determined from the blood samples (Figure 2) . In both the groups, pNF-H was detected from 1 dpi and its levels peaked at 3 dpi; however, the pNF-H level at 3 dpi was lower in the treated group than in the control group (treated group, 0.088 ± 0.018 mg g
À1
; pNF-H levels in SCI T Ueno et al control group, 0.112±0.011 mg g
). Although this difference was not statistically significant (repeated-measure analysis of variance; P ¼ 0.27), the same trend was observed at 4 dpi. The reduction in the plasma pNF-H levels at 3 and 4 dpi may indicate the protective effects of minocycline against axonal damage in the treated group.
Plasma pNF-H levels at 3 dpi correlate with locomotor function recovery As the plasma pNF-H level at 3 dpi was lower in the treated group than in the control group, we next examined whether the pNF-H level at 3 dpi can serve as a predictor of the recovery of hind limb function. Figure 3 shows a plot of the plasma pNF-H level (3 dpi) and hind limb motor score (28 dpi) for each rat in both groups. Statistical analysis revealed a negative correlation between these two parameters (Spearman's rank correlation coefficient: r s ¼ À0.78; Po0.05), indicating that a subject with a low pNF-H level is more likely to achieve a higher motor score at 28 dpi.
Discussion
This study is the first to assess whether blood pNF-H levels reflect the neuroprotective effects of minocycline against SCI. We found that minocycline treatment reduced plasma pNF-H levels at 3 dpi, and this reduction was correlated with the functional motor score; this finding is consistent with the reported neuroprotective effects of the drug. Therefore, we suggest that plasma pNF-H levels can serve as a biomarker, to some extent, for monitoring the amelioration of tissue damage by SCI treatments.
We observed a reduction in plasma pNF-H levels in the treated group at 3 dpi, but the difference between the two groups was not statistically significant. This marginal reduction in the pNF-H level could be caused by either a minimal protective effect on the axons induced by minocycline or a timing error in blood sample collection. Most of the studies on minocycline treatment for SCI describe the difference in the histological findings between the treatment and control groups at 7 or 14 dpi. 3 The plasma pNF-H level decreased after 3 dpi, and this finding was consistent with other reports. 9 Further, we speculate that the pNF-H level at later time points would be influenced by restoration of the blood-brain barrier. Therefore, the comparison of the pNF-H levels at 7 or 14 dpi would not be feasible for evaluating the neuroprotective effect of therapeutic interventions. On the basis of these findings, we consider that blood pNF-H levels would best reflect the effects of neuroprotective drugs if the drugs exert their function within 3 days after SCI.
The association between serum pNF-H levels and prognosis has already been reported in studies with subarachnoid Figure 2 Changes in plasma pNF-H levels induced by minocycline treatment. The levels of plasma pNF-H in serial samples obtained from injured rats in both the treated (mino) and control (ctrl) groups were analyzed by an enzyme-linked immunosorbent assay. The absolute pNF-H values were divided by the total protein concentration of each sample (values are shown as mean±standard error of the mean). Even though the pNF-H level in the treated group was lower than that in the control group at 3 and 4 dpi, the difference was not statistically significant. Figure 1 The functional recovery of hind limbs after spinal cord injury in both the treated and control groups. Thoracic spinal cord injured rats were treated with either minocycline (treated group: mino) or saline (control group: ctrl). The Basso, Beattie and Bresnahan (BBB) scale was used to assess the motor function of the hind limbs of the injured rats. At 28 dpi, the treated group showed better motor function, and the difference between the two groups was statistically significant (values are shown as mean±standard error of the mean; *Po0.05).
pNF-H levels in SCI T Ueno et al hemorrhage and amyotrophic lateral sclerosis patients. 10, 16 To determine the utility of pNF-H as biomarker of clinical SCI, further studies with patients with varying degrees of SCI are required. Taking such biomarkers in clinical trials may reduce the number of the patients required, which accelerates the development of novel therapeutic approaches against the traumatic disorder.
